The increased global demand for tropical timber has driven vast expanses of tropical forests to be selectively logged worldwide. While logging impacts on wildlife are predicted to change species distribution and abundance, the underlying physiological responses are poorly understood. Although there is a growing consensus that selective logging impacts on natural populations start with individual stress-induced sublethal responses, this literature is dominated by investigations conducted with vertebrates from temperate zones. Moreover, the sublethal effects of human-induced forest disturbance on tropical invertebrates have never been examined. To help address this knowledge gap, we examined the body fat content and relative abundance of three dung beetle species (Coleoptera: Scarabaeinae) with minimum abundance of 40 individuals within each examined treatment level. These were sampled across 34 plots in a before-after control-impact design (BACI) in a timber concession area of the Brazilian Amazon. For the first time, we present evidence of logging-induced physiological stress responses in tropical invertebrates. Selective logging increased the individual levels of fat storage and reduced the relative abundance of two dung beetle species. Given this qualitative similarity, we support the measurement of body fat content as reliable biomarker to assess stress-induced sublethal effects on dung beetles. Understanding how environmental modification impacts the wildlife has never been more important. Our novel approach provides new insights into the mechanisms through which forest disturbances impose population-level impacts on tropical invertebrates.
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; Habel et al., 2014; Rimbach et al., 2013) . Growing evidence shows that most environmental degradation impacts on natural populations start with stress-induced sublethal effects on individuals (Dantzer et al., 2014; Martínez-Mota et al., 2007) . Such sublethal effects are manifested in the physiology, morphology, and behavior of individuals long before responses are expressed and observed at the population scale (Beaulieu & Costantini, 2014; Cooke et al., 2013; Wagner et al., 2013) . Therefore, these sublethal responses can act as "early warning signals" to predict future population responses and identify conservation priorities (Dantzer et al., 2014; Hellou, 2011) .
Several physiological biomarkers have been frequently used to quantify sublethal stress-induced responses (Beasley, Bonisoli-Alquati, & Mousseau, 2013; Beaulieu & Costantini, 2014; Rimbach et al., 2013; Romero, 2004) , and studies have shown the importance of downstream metrics (e.g., body fat content and mass changes) to assess the significance and impact of stress in free-living animals (Breuner, Delehanty, & Boonstra, 2013; Knapp, 2016) . For example, body fat content has been frequently used as a physiological biomarker to assess sublethal effects of many environmental stressors on vertebrates (Lucas et al., 2006; Suorsa et al., 2003 Suorsa et al., , 2004 and insects (Irschick et al., 2013; Piiroinen et al., 2014; Reaney & Knell, 2015) . Overall, such studies have shown that organisms under stressful conditions exhibit changes in the fat storage (Baldal et al., 2005; Piiroinen et al., 2014) , which is suggested as a strategy to increase life span as a result of improved energy consumption efficiency (Broughton et al., 2005; Hansen, Flatt, & Aguilaniu, 2013) and to improve the starvation stress resistance (Arrese & Soulages, 2010; Lee & Jang, 2014) . However, changes in the fat metabolism can have negative effects on individual physiological balance (Moghadam et al., 2015; Van Praet et al., 2014) , which might reduce the organism fecundity and reproduction (Arrese & Soulages, 2010; Barry & Wilder, 2013; Hansen et al., 2013) .
Despite progress made in our understanding of how forest degradation can induce sublethal effects on wildlife, two key areas remain underexplored in the literature. First, there is a clear bias toward temperate regions (Leshyk et al., 2012; Mastromonaco, Gunn, & Edwards, 2014; Suorsa et al., 2003 Suorsa et al., , 2004 ; but see Rimbach et al., 2013 ), yet extinction rates in the tropics are alarming (Laurance, 2007; Pereira et al., 2010; Pimm et al., 2014) , as species are disappearing before being discovered (Lees & Pimm, 2015) . Thus, our knowledge of forest degradation sublethal effects on the hyperdiverse and highly threatened tropical fauna is very limited. Secondly, where studies have been conducted in the tropics, they have typically investigated how forest degradation influences vertebrates (e.g., Mastromonaco et al., 2014; Rimbach et al., 2013; Suorsa et al., 2003 Suorsa et al., , 2004 and evidence of how human disturbances induce sublethal effects on tropical invertebrates is, to our knowledge, lacking in the literature.
To help address this knowledge gap, we investigate the sublethal and population-scale impacts of selective logging on dung beetles (Coleoptera: Scarabaeinae; see Figure 1 ). Selective logging is considered a major disturbance driver throughout tropical forests (Asner et al., 2009; Blaser et al., 2011) and can induce sublethal effects in vertebrates (Lucas et al., 2006; Rimbach et al., 2013; Suorsa et al., 2003 Suorsa et al., , 2004 . We considered the fat content of three abundant dung beetle species as a biomarker for logging sublethal effects and compared it to their relative abundance, which reflects their population-scale response to logging. Dung beetles are an appropriate focal insect group that are cost-effective to sample (Gardner et al., 2008) and have been widely used to assess the selective logging impacts on biodiversity (Bicknell, Phelps et al., 2014; Davis et al., 2001; Edwards et al., 2012; França et al., 2016) . We hypothesized that body fat content of dung beetles in selectively logged forests would increase as a sublethal response to new stressful environmental conditions. Furthermore, we also examine whether these stress-induced sublethal effects on the same species would match with their relative abundance responses to logging.
| MATERIALS AND METHODS

| Study area and sampling design
Beetles were sampled within the 1.7 Mha Jari Florestal landholding, located in the northeastern Brazilian Amazonia (00°27′-01°30′ S, 51°40′-53°20′ W; Figure S1 in Appendix S1). The area comprises a mosaic of Eucalyptus plantations and regenerating secondary forests within ~1.5 Mha of primary forests subjected to very low levels of disturbance (Barlow et al., 2010; Parry, Barlow, & Peres, 2009) , which corresponds to about 50% of exploited timber in some Amazonian regions (Barbosa, 1990 (Dykstra & Heinrich, 1996) We used a BACI experimental design to sample dung beetles at 34 independent sites of 10 ha (250 × 400 m) across this logging concession.
Five of these sites were primary forest controls, which remained unlogged during the course of the study, and were about 6.5 km from the closest was low degree of spatial autocorrelation in prelogging biodiversity data, which disappeared in the postlogging survey .
| Dung beetle collection
Dung beetles were collected with baited pitfall traps, which were plas- 
| Samples preparation and body fat extraction
To examine whether selective logging induces stress sublethal responses on invertebrates, we assessed the body fat content of the three abundant dung beetle species Oxysternon festivum Linnaeus, 
| Statistical analyses
All statistical analyses were performed using the R software (R Core
Team 2015). We used generalized linear models (GLMs) with a logarithmic link function (Zuur et al., 2009) in the glm() routine (stats package, R Core Team 2015) to assess the effects of the explanatory variables "time" (two levels: prelogging and postlogging) and "treatment" (two levels: control and logging sites) on the response variables dung beetle body fat content and relative abundance. Because dung beetle are highly sensitive to changes in environmental conditions (Bicknell, Phelps et al., 2014; Menéndez et al., 2014) , we also used GLMs to check for assessing changes in the canopy openness (see Appendix S2). We ran an independent GLM followed by a two-way ANOVA including the factors "time," "treatment," and the interaction "time:treatment" for each dung beetle species and response variable. When measuring the body fat content, we assessed two dependent variables: dung beetle biomass (dry-weight prior fat extraction) and body fat content (difference among dry and fat-free weight).
Because we aimed to examine changes in the dung beetle body fat content, we included body mass values as an offset term in the GLMs (Zuur et al., 2009 ). An offset includes a known term to the linear model without fitting its parameters (Crawley, 2013) . This approach has been recommended to handle ratios without missing the discrete nature of the response, or when collinearity may be expected (Bolker, 2012) . Thus, we modeled the effects of selective logging on the ratio between the body fat content and body biomass, offsetting the confounded effect of biomass. Comparisons between changes in the canopy openness, changes in relative abundance, and changes in body fat content of each species were made qualitatively.
| RESULTS
| Sublethal effects of selective logging
There were significant differences in the body fat content sampled between the treatments over the course of the study for all examined dung beetle species (Figure 2a-c) . Irrespective of logging treatment, all dung beetle species increased their fat content in the second survey (Figure 2a-c Table S1 in Appendix S1).
| Population-level effects of selective logging
Changes in dung beetle relative abundances were qualitatively similar to the sublethal responses of each species (Figure 2d-f Table S1 in Appendix S1). Finally, there was no discernible visual association between model residuals from relative abundance and geographical location (Fig. S2 in Appendix S1).
| DISCUSSION
Our results demonstrate that selective logging can generate sublethal responses in dung beetle condition, supporting the notion that forest disturbances can affect invertebrates' physiology. Moreover, these sublethal responses were qualitatively similar to the changes in dung beetles' relative abundance (Figure 2a-c) , which supports the measurement of body fat as a potential biomarker of insect stress.
| Sublethal effects of selective logging
Most energy reserves of insects are stored in the body fat (Arrese & Soulages, 2010) , which regulates physiological and behavioral responses to environmental and human-induced conditions (Arrese & Soulages, 2010; Edwards et al., 1988; Reaney & Knell, 2015) . As many studies have indicated the increased fattening of insects in response to other stress-induced conditions (Hansen et al., 2013; Moghadam et al., 2015; Piiroinen et al., 2014) , we suggest that the increased body fat content in dung beetles from logged forests reinforces the use of this trait as a likely early warning biomarker to assess the environmental quality of disturbed tropical forests.
Several lines of evidence indicate that stressful conditions (e.g., future food shortages or periods of high-energy demand) may induce fat accumulation as a strategy to conserve energy for processes needed for survival (Broughton et al., 2005; Hansen et al., 2013; Schneider, 2014) . It may be that the postlogging environmental conditions, such as the increased canopy openness we found in the second survey at logged sites ( Figure S3 in Appendix S1) and the higher temperatures at forest gaps from logged forests (Asner, Keller, Pereira, et al. 2004; Asner, Keller & Silva 2004; Forrester et al., 2012) , are likely responsible for the observed dung beetle fattening.
Another possible explanation is that the observed fattening in dung beetles could be related to a reduction in reproduction rates.
Reproduction is a high cost process (Hansen et al., 2013) , and fat content is considered the currency (Barry & Wilder, 2013) . Although not always observed (Flatt et al., 2008; Wilder, Raubenheimer, & Simpson, 2015) , the link between reduced reproduction and increased fat storage has been demonstrated for many insects (Hansen et al., 2013; Moghadam et al., 2015; Wilder et al., 2015) . Similarly, previous research has found a positive relationship between reduced fecundity, increased fattening, and higher starvation stress resistance (Broughton et al., 2005; Hansen et al., 2013) . These findings reinforce that under stressful conditions, invertebrates may modify their fat metabolism as a strategy to optimize energy allocation for surviving likely starvation periods (Hansen et al., 2013) .
It remains uncertain how increased body fat content will influence long-term patterns in dung beetle populations. Having a high proportion of body fat does not necessarily translate to high reproductive success when insects are deficient in other nutrients necessary for maintaining a healthy metabolic function or for effective reproduction (Barry & Wilder, 2013; Wilder et al., 2015) . As organisms relocate part of energy reserves to repair or maintain their physiological integrity under stressful environments, less energy is left for individual growth and eventual reproduction (Van Praet et al., 2014) . This could lead to further reductions in population sizes and may explain the qualitative connection between sublethal effects and the relative abundance we found for the three assessed dung beetle species.
| Interannual variation and speciesspecific responses
Although we found that body fat content was higher in individuals of two species (D. aff. submetallicum and D. lucasi) sampled at logged sites, body fat content also increased, irrespectively of where, in the second survey for all species. This result was somewhat surprising, because dung beetle collections were carried out in the same months (June and July) in both years to minimize seasonal effects.
Nevertheless, it may reflect the seasonal variation of environments, such the increased canopy openness we found in the control sites in the second survey ( Figure S3 in Appendix S1), leading to changes in biomarkers related to survival and reproduction (i.e., fat content and body mass), as described for moths (Davidowitz & Nijhout, 2004) , dung beetles (Edwards et al., 1988) , and carabid beetles (Östman, 2005 ).
Studies have shown that different species may cope differently with forest fragmentation and selective logging (Leshyk et al., 2012; Lucas et al., 2006; Mastromonaco et al., 2014; Suorsa et al., 2003 Suorsa et al., , 2004 Wasser et al., 1997) . Thus, we highlight that not all species may have predictable and similar physiological responses to forest disturbances (as suggested by Rimbach et al., 2013) , even when consequences in relative abundance are negative for most of them. Moreover, it is very likely that physiological plasticity may also be sex-linked and agedependent (Knapp, 2016; Piiroinen et al., 2014; Stillwell & Davidowitz, 2010; Zhang et al., 2010) . However, the low sample size in disturbed postlogging sites prevented us from separating dung beetles by gender and to make more inferences about reproduction aspects and sexspecific responses.
Our study highlights two important areas for further research: (1) To examine fat stores and maintain statistically meaningful sample sizes, we only examined body fat in the three species that were abundant across all treatment levels. Studies with greater spatial replication and temporal resolution would enable authors to examine whether body fat predicts the extirpation of the most disturbance-sensitive species. (2) We examined just one type of forest disturbance influencing just the fat storage from an insect group, and it is not clear how different forest disturbances induce sublethal responses on distinct invertebrates, or whether different invertebrate groups respond similarly. Addressing these points may increase our ability to better understand the consequences of forest disturbances on tropical fauna, thus enabling us to improve conservation strategies (Coristine et al., 2014) .
| CONCLUSION
Understanding how impacts of environmental degradation on natural populations are driven by physiological mechanisms has never been more critical (Busch & Hayward, 2009 ). Our results reveal that selective logging brings about sublethal effects indicative of stress in tropical forest invertebrates. Therefore, we are confident that body fat content is a reliable biomarker to assess stress in dung beetles that persist in disturbed environments. Our study therefore reinforces the potential role of physiological biomarkers as a tool to improve our current ability to make predictions about the future impacts of forest degradation on wildlife (Coristine et al., 2014; Dantzer et al., 2014; Ohlberger, 2013) .
Lastly, we highlight future research that would help elucidate the relative importance of environmental degradation and forest disturbances in driving stress-induced physiological impacts on tropical invertebrates.
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